We present a numerical investigation of a non-forecast sea-breeze-initiated thunderstorm that occurred unexpectedly in the eastern complex area of the Iberian Peninsula (Spain) on 7 August 2008. A high horizontal (2.5-km grid spacing) and vertical (60 sigma levels) resolution set-up of the hydrostatic HIRLAM model is used to simulate the evolution of isolated convection associated with sea breezes. The convective inhibition, convective available potential energy, vertical velocity, wind and precipitation fields are examined here in order to analyze the role of low-level sea-breeze convergence and sea-breeze front development in initiating intense convective activity (heavy rainfall, hail and gusty winds) under weakly defined synoptic disturbances. We observe that convective inhibition layers are eroded by sea-breeze frontal zones, increasing the convective available potential energy due to the enhanced vertical motion, forcing parcels to lift to the level of free convection. We show that the location of thunderstorms along the east coast of the Iberian Peninsula is partly controlled by the impact of sea-breeze fronts on modulating the diurnal spatio-temporal evolution of convective inhibition, convective available potential energy and updrafts.
Introduction
Coastland wind systems such as sea breezes are the primary local/mesoscale circulation in the complex eastern façade of the Iberian Peninsula, Spain, occurring on almost two out of three days throughout the year, particularly in summer (Azorin-Molina and Martin-Vide 2007; Azorin- Molina et al. 2011) . Most air mass boundaries that cause storm initiation are primarily associated with uplift processes from moist sea-breeze circulations combined with anabatic valley flows (Millan et al. 2005) . The development of cumulus and cumulonimbus clouds at the sea-breeze front is a characteristic feature from May to October in the Iberian Mediterranean area and the Balearic Islands ). Some mountainous locations in the eastern Pyrenees and the Iberian System mountains experience, on average, 30-40 thunderstorms per year, mostly associated with sea-breeze boundaries and occurring in the afternoon and early evening. In spite of their importance as the main source of precipitation during the summer dry season (e.g., sea-breeze convection brings an average of 100-125 mm yearly to inland areas; Millan et al. 2005) , and the sea-breeze studies focussed over this Mediterranean region (Jansà and Jaume 1946; Ramis and Alonso 1988; Ramis et al. 1990 ; Ramis and Romero 1995; Terradelles 1997; Pascual 1999; Pascual et al. 2004; OlcinaCantos and Azorin-Molina 2004; Azorin-Molina 2012) , there is little understanding on how sea-breeze fronts lead to rainfall, or how operational models often fail to capture deep moist convection in the eastern Iberian Peninsula (Azorin-Molina et al. 2014) . Therefore, there is still a need for improving our knowledge on the role of low-level convergence and vertical motion in developing deep moist convection at the leading edge of sea-breeze fronts in this region.
In the Mediterranean region, severe thunderstorms develop under specific synoptic conditions (Tudurí and Ramis 1997) , i.e., large-scale vertical velocity, convergence of water vapour at low levels and thermal instability, as well as local/mesoscale circulations such as sea breezes (Doswell 1987) . One particularity of locally forced convective events is that they occasionally occur under weakly defined synoptic scale or mesoscale precursor disturbances (Wilson 2008) , and therefore significant rainfall and associated weather cannot be forecast by the operational numerical weather prediction (NWP) models. Several factors lead to complex sea-breeze interactions that increase the difficulty of predicting isolated deep convection, including (i) the shape of the coastline (e.g., concave or convex shorelines that enhance divergence and convergence processes, respectively; Gilliam et al. 2004) , (ii) small-scale effects induced by the complex terrain (e.g., frictional effects that promote upslope orographic lifting; Pérez-Landa et al. 2006) , and (iii) large-scale flows (e.g., offshore sub-synoptic flow that intensifies convergence at the sea-breeze front; Bechtold et al. 1991) .
Thermodynamic diagrams and stability indices obtained from radiosondes are carefully analyzed by operational forecasters to determine the likelihood of convective development. However, sounding data and stability indices obtained at 0000 and 1200 UTC are of limited use since mechanical lifting mechanisms related to combined sea breezes, anabatic valley winds, horizontal convective rolls and large-scale synoptic flow at the low-level frontal convergence zone deliver sufficient energy to overcome the stable cap of the planetary boundary layer and generate deep moist convective cells. Moreover, stability indices are usually calculated from layers above 850 hPa and therefore the convergence of lower tropospheric moisture or capping of inversions are not taken into account. Consequently, deep convection can occur even when sounding indices indicate stable weather conditions.
The difficulty in predicting these kinds of sea-breeze-initiated thunderstorms under an ill-defined atmospheric environment is enhanced in a topographically complex area such as the eastern region of the Iberian Peninsula. The forecasters' ability to use the products of operational NWP models is limited by the models' (i) uncertainties in the initial conditions, (ii) limited ability to simulate cloud microphysical processes, and (iii) inability to resolve lowlevel sea-breeze convergence and convection due to coarse horizontal resolution (Mazarakis et al. 2009 ).
Moreover, some characteristics of sea breezes have not been studied very thoroughly, such as the impact of this local circulation in modulating the spatio-temporal evolution of specific parameters related to severe thunderstorms, such as the convective available potential energy, the convective inhibition, and the vertical velocity. Investigations of stability indices have been carried out in many different regions around the world (Fuelberg and Biggar 1994; Huntrieser et al. 1997; Tudurí and Ramis 1997; Haklander and Delden 2003) , but few studies have focussed on the environments of thunderstorms associated with the lowlevel convergence of sea breezes. To our knowledge, Fovell (2005) alone has analyzed time series of convective available potential energy ahead of sea-breeze-initiated convection in California. In the case of the Iberian Peninsula, there are no studies that examine the role of sea-breeze convergence in destabilizing the atmosphere and inducing convective motions. To address this lack of knowledge, in this paper we focus on the role of strong low-level seabreeze convergence in modulating traditional convective indices such as convective available potential energy, convective inhibition and vertical velocity parameters at the sea-breeze front, enhancing the development of severe convection under weakly defined synoptic-scale disturbances.
We analyze a long-lasting severe sea-breeze-initiated thunderstorm that occurred over a mid-latitude region (the Iberian System mountains) on 7 August 2008. The operational HIRLAM model (v.6.1.2, 0.16 • and 0.05 • grid spacing, 40 vertical levels) from the Spanish Meteorological Agency failed to predict this sea-breeze-initiated thunderstorm, even though it was quite intense, partly as a result of relatively benign environmental conditions. The official weather forecast read: "Mostly sunny with few cumulus clouds over the high Iberian mountains. Light westerly winds during the morning, with afternoon sea breezes. Maximum temperatures weakly increasing on the coast".
The goal here is to investigate how mesoscale systems such as sea breezes add to the development of deep moist convection under conditions that appear to be too stable, using both observations and a high resolution (0.025 • ) implementation of the HIRLAM model. The paper is structured as follows: in Sect. 2 the observations, and the configuration and parameters of the HIRLAM numerical model are presented. In Sect. 3 the sea-breeze-initiated thunderstorm that occurred on 7 August 2008 is described. In Sect. 4 we investigate the role of strong low-level sea-breeze convergence in initiating severe weather, and a summary and concluding remarks are given in Sect. 5.
Data and Methods

Observations
Five sources of data were used for a detailed observational analysis of the sea-breezeinitiated thunderstorm that occurred on 7 August 2008. Firstly, sea-level pressure (hPa), geopotential (m) and air temperature ( • C) data at 500 and 850 hPa at 1200 UTC from the National Centres for Environmental Prediction and the National Centre for Atmospheric Research reanalysis project (Kalnay 1996) were used for analyzing the synoptic environment. Secondly, thermal infrared (12 µm) Meteosat Second Generation satellite images from the European Organisation for the Exploitation of Meteorological Satellites and, thirdly, Doppler radar images from the Spanish Meteorological Agency's radar located at Cullera (Valencia, Spain; Fig. 1a ), were both acquired between 1300 and 1830 UTC for investigating the lifetime of this isolated sea-breeze-based thunderstorm. Fourthly, ground-based observations from the Spanish Meteorological Agency operating network reported lightning activity over the entire study area. And lastly, a high-density network (533 observation points) of Hellman-type and tipping bucket raingauges covering the eastern region of the Iberian Peninsula (Fig. 1b) measured 24-h precipitation accumulations from 0800 to 0800 UTC.
HIRLAM Model Description, Set-Up and Initialisation
The three-dimensional hydrostatic HIRLAM short-range forecasting model version 7.2.2 (Unden et al. 2002) was chosen because it is currently employed as the operational NWP system at the Spanish Meteorological Agency, and by eight other European Weather Services (Denmark, Estonia, Finland, Iceland, Ireland, the Netherlands, Norway and Sweden). The dynamical core of the HIRLAM model is based on a semi-implicit semi-Lagrangian discretization of the multi-level primitive equations, employing a hybrid coordinate in the vertical. The comprehensive set of physical parametrization schemes selected in the HIRLAM model in order to take into account a variety of subgrid-scale (SGS) physical processes include: (i) a radiation scheme (Savijärvi 1990), (ii) an adapted Rasch-Kristjansson condensation (Zhang et al. 2003; Ivarsson 2007 ) and a Kain-Fritsch mass-flux convection scheme with convective available potential energy closure (Kain 2004; Calvo 2007) , (iii) a prognostic moist turbulent kinetic energy (TKE) parametrization (Tijm and Lenderink 2003) , (iv) a tiled surface approach distinguishing seven surface types (Interaction Soil-BiosphereAtmosphere surface scheme, Noilhan and Planton 1989) , and (v) a mean and SGS orography parametrization . More detailed descriptions on the dynamical and numerical features of the HIRLAM short-range forecasting model can be found in Unden et al. (2002) . 1 The horizontal grid spacing of the operational HIRLAM models varies between 0.20 • and 0.03 • ; here we use a spacing of 0.025 • (2.5-km length; hereafter HIR-D2.5), which is quite fine for a hydrostatic model. The HIR-D2.5 model is used with an integration area of 400 × 406 horizontal grid points (latitude by longitude), corresponding to a domain of 997.5 km × 1012.5 km. Increased boundary-layer vertical resolution can provide improved forecast performance (Ries and Heinke Schlünzen 2009) , and therefore the vertical domain contains 60 sigma levels with enhanced resolution (27 levels in the lowest 3 km) in the planetary boundary layer. The model top is at 10 hPa and the lowest model level is at 32 m. The European Centre for Medium-Range Weather Forecasts supplies the operational boundaries archive data for the HIRLAM model with a horizontal grid spacing of 0.5 • × 0.5 • and a temporal resolution of 6 h; the dynamic timestep is 60 s for the HIR-D2.5 experiment. The simulation was initialized at 1200 UTC on 6 August 2008, the day before the sea-breezeinitiated thunderstorm event, and integrated for 48 h until 1200 UTC on 8 August 2008, the day after the episode. The model fields were output at intervals of 1 h. Figure 1a shows the topographical features of the eastern façade of the Iberian Peninsula, an orographically complex region with wide and flat coastal plains, river valleys that enhance the inland propagation of the Mediterranean sea breezes, interior valleys with high air temperatures, and steep mountain ranges located 50-100 km inland from the shoreline. Figure  1b displays the domain for the HIR-D2.5 model.
The Sea Breeze and Deep Convection
Sea-Breeze-Initiated Thunderstorm on 7 August 2008
We selected the sea-breeze-initiated thunderstorm that occurred on 7 August 2008 over the Iberian System mountains as case study because it corresponds to an isolated sea-breeze front with intense convective activity (heavy rainfall and hail) that developed under poorly defined synoptic disturbances, and therefore was not forecast by the operational HIRLAM model. The synoptic environment at 1200 UTC on 7 August 2008 was characterized by the Azores anticyclone (1,022 hPa) that extends a ridge over the western and central part of the Iberian Peninsula, and a low pressure system in northern Europe (1,004 hPa central pressure over the North Sea). This situation is associated with light to moderate westerly and north-westerly flows over the western and central part of the Iberian Peninsula. In eastern Spain and the western Mediterranean basin a weak surface pressure gradient allowed thermally-driven flows to develop at low levels. The large-scale circulation at the 500-hPa level was dominated by prevailing moderate to strong westerly and south-westerly flows, which advected a subtropical air mass over most of the Iberian Peninsula whereas a short wave trough of cold air (around −12 • C) was also present over the north-east of the Iberian Peninsula. A ridge of subtropical air (at about 20 • C) was clearly discernible at 850 hPa over the western Mediterranean basin, and also covering the central part of Europe.
Figures 2 and 3 show the formation, evolution and structure of this deeply developed seabreeze-initiated thunderstorm from its cumulus stage (1300 UTC), mature stage (1330-1700 UTC), and dissipating stage (1730-1830 UTC). The lifetime of this isolated thunderstorm cloud was around 5 h. The long-lived sea-breeze front was associated with groups of cumu- (Fig. 2 ) shows a clear low-level sea-breeze convergence as a line of small cumulus clouds that developed parallel to the eastern coast of the Iberian Peninsula. Scattered cumulus clouds associated with updrafts at the sea-breeze front showed cloud top temperatures as low as −19 • C over the Iberian System mountains, and a localized area with Doppler radar reflectivities of up to 36 dBZ (Fig. 3) . At 1330 UTC cumulus clouds grew so long as warm, moist and potentially unstable air transported by valley and sea breezes continued to rise, and the primary cumulonimbus cell developed over the Iberian System mountains. Although most convective cloud tops associated with the low-level convergence of sea breezes tend to have temperatures between 0 and −24 and Wallace 1997; Connell et al. 2001 ) at 1330 UTC. This primary cumulonimbus storm showed a minimum cloud top temperature of −47 • C and maximum Doppler radar echoes of around 50 dBZ, delineating the first heavy precipitating cell and severe convection along the sea-breeze front. After about 30 min (1400 UTC), the primary cumulonimbus cell began to dissipate. However, as a consequence of the horizontal convergence of the storm outflow with the sea-breeze front, a secondary, stronger, cumulonimbus storm developed abruptly at 1430 UTC with minimum cloud top temperature of −54 • C and a larger area with radar reflectivities between 42 and 54 dBZ. The peak of the activity of the sea-breeze-initiated thunderstorm lasted for about two hours, between 1500 and 1700 UTC, with the secondary deep convective cells reaching a minimum cloud top temperature of −61 • C at 1600 UTC and strong Doppler radar echoes greater than 65 dBZ at 1530 UTC. The outflow from primary and secondary convective cells and the sea-breeze inflow of moisture at the lower levels triggered this almost stationary sea-breeze storm. Finally, the dissipating stage began when the downdrafts in the convective clouds dominated over the updrafts from 1730 UTC, even though cloud top temperatures and cellular radar echoes reached values of < −38 • C and 60-66 dBZ, respectively. The dissipating stage occurred at 1830 UTC when the storm died out with light rain and the cloud and radar echoes disappeared. The sea-breeze-initiated thunderstorm moved slowly towards the Mediterranean Sea, extending a distinctive anvil northeastward in the prevailing west-south-westerly flow aloft.
A total of 256 lightning strokes (16 positives, 240 negatives) were detected between 1200 and 2400 UTC on 7 August 2008. The precipitation map displayed in Fig. 4 confirms that the study case corresponded to a very isolated sea-breeze-initiated thunderstorm cell that accumulated significant rainfall over a small area over the Iberian System mountains. For instance, 40 out of the 533 raingauges located in the eastern region of the Iberian Peninsula (see Fig. 1b ) measured precipitation of 0.1 mm or more, with only six meteorological stations reporting rainfall of at least 10.0 mm: Catí-Meteoclimatic (45.0 mm), Vallivana-CEAM (27.8 mm), Morella-CHE (15.8 mm), Vallibona-CHJ (11.2 mm), Catí-CHJ (11.2 mm), and El Boixar (10.0 mm). As a consequence of the strong upward air motion at the sea-breeze front, solid precipitation in the form of large hail up to 35 mm in diameter caused significant agricultural damage, particularly in fruit groves and irrigated areas for vegetables, and also damaged vehicles. The pink dashed line is the dry adiabatic representative for an air parcel being lifted from the boundary layer; the cyan dashed line follows the mixing ratio of an air parcel being lifted from the boundary layer; and the green dashed line is the wet adiabat representative for the air parcels being lifted from the boundary layer. The convective available potential energy (CAPE) and convective inhibition (CIN) areas are drawn on the profiles
Results and Discussion
Modelled Vertical Profiles and Models Performance
The Theta s-P aerological diagrams (the so-called Bijvoet diagram; Fig. 5 ) display vertical profiles from the HIR-D2.5 in three different atmospheric environments: on the landward side, close to, and on the seaward side of the sea-breeze front at 1200 UTC on 7 August 2008. Overall, the three modeled vertical profiles look quite similar above 600 hPa, whereas below that level they show significant differences. At the sea-breeze front (Fig. 5a ) an unstable layer is found from the surface up to 800 hPa. This corresponds to the sea-breeze layer as the mixing ratio (≈9.5 g kg −1 ) is much higher than on the landward side (≈5.0 g kg −1 ). Above the sea-breeze boundary layer a weakly stable layer where potential temperature increases with height is found from 800 to 600 hPa, which theoretically inhibits the development of showers. The convective inhibition is around −60 J kg −1 . The air from the sea-breeze layer becomes unstable only if lifted to a level of 650 hPa; saturation of this air is reached at a level of 700 hPa. This air has an undiluted convective available potential energy of around 500 J kg −1 , which is not extremely large but large enough for significant showers. The weakly stable convective inhibition layer can only be breached due to the forced lift operating at the sea-breeze front.
At the landward side of the sea-breeze front (Fig. 5b ) the air is warmer, there is ≈5.0 g kg −1 less moisture available, not too much convective inhibition, and convective available potential energy is very small or zero due to the dryness of the air, which implies that showers will not easily develop. Lastly, at the seaward side of the sea-breeze front (Fig. 5c) there is potential instability due to the extra moisture in the air, but the air is too cold near the surface, implying that the convective inhibition will be much larger in this area than at the sea-breeze front. Additionally, the upward motion found at the sea-breeze frontal convergence zone is not present on the seaward side of the front, so showers are unlikely to develop.
The verification of simulated 2-m air temperature, 10-m wind speed and u-and vcomponents against observations at the Villena-CEAM weather station, is shown in Fig. 6 . The HIR-D2.5 to accurately reproduced the surface level fields, giving us confidence to use the model to analyze the processes giving rise to deep convection.
Horizontal Structure of the Sea-Breeze-Initiated Thunderstorm
The 10-m wind field at 1200 UTC (Fig. 7a) clearly reveals a sharply defined discontinuity running roughly parallel to the coast. The leading edge of sea breezes was distinctly visible Iberian System mountains at 1600 UTC (Fig. 7c) , reaching its maximum of accumulated precipitation over an isolated area (40.7 • N, 0.1 • E) at 1800 UTC (Fig. 7d) .
The HIR-D2.5 model succeeded in capturing the occurrence of this intense sea-breezeinitiated thunderstorm. However, it strongly overestimated the maximum precipitation, predicting a maximum 24-h accumulation of 92.5 mm while the observed maximum was 45.0 mm at Cati station. Furthermore, the HIR-D2.5 simulated an excessive area of heavy rainfall and the precise location was not accurate. This overestimation bias can be partly explained by the fact that the precipitation fall speed is infinity in the HIRLAM model, i.e., precipitation falls out immediately, which is normal in hydrostatic models that do not have prognostic precipitation. A detailed spatial verification of precipitation forecasts from this episode can be found in Azorin-Molina et al. (2014) . Figure 8 shows the key role that low-level winds played in modulating convective inhibition field values. At the early stage of the sea-breeze front development (1200 UTC; Fig. 8a ) a uniform layer of negative convective inhibition values (−2000 J kg −1 ) was present over the inner plateau associated with dry air advection aloft, with lower values of convective inhibition over the western Mediterranean basin (−700 J kg −1 ) and the first few km from the coast (−500 J kg −1 ), associated with the moist marine planetary boundary layer. Over these areas capping inversions formed aloft that would normally inhibit vertical motions and prevent the development of convective showers. However, the energy supplied by boundary-layer convergence lines, together with the orographic lifting, weakened the convective inhibition values at the sea-breeze front. Figure 8a , b shows weakly negative or even positive convective inhibition values along the narrow sea-breeze front, enabling air parcels to reach the level of free convection. Elsewhere the moderate to large negative convective inhibition values (lower than −25 J kg −1 ) corresponded to stable regions with low probabilities of developing thunderstorms since convective updrafts were inhibited. Note that strong low-level convergence within the sea-breeze front restricted the low convective inhibition values to a narrow line along the front as the day progressed (1400 UTC; Fig. 8b ), becoming most pronounced at 1600 UTC (Fig. 8c ) and decaying at 1800 UTC (Fig. 8d) .
The four maps of convective available potential energy fields displayed in Fig. 9 show a clear separation between small convective available potential energy values (near zero) associated with the offshore westerly and south-westerly flows over the inner Iberian plateau, and large values (2,500 J kg −1 ) associated with the maritime air over the western Mediterranean basin (flux of water vapor modifies the air mass potential instability becoming convectively unstable), and also with north-westerly flows over the Ebro River basin. The low-level convergence zone separates both atmospheric environments, representing instability and increased chance of thunderstorm activity in the eastern region of the Iberian Peninsula. For instance, much of the Mediterranean fringe displays convective available potential energy values in excess of 1,000 J kg −1 , approaching up to 5,000 J kg −1 in some isolated areas, particularly along the sea-breeze front.
Vertical Structure of the Sea-Breeze-Initiated Thunderstorm
The u-component wind distributions shown in Fig. 10 clearly reveal the location of the low-level convergence of offshore synoptic flows and onshore sea breezes along the east and south-east facing slopes of the Iberian System mountains; this is evident at 40.0 • N (Fig. 10a) , 40.2 • N (Fig. 10b) , 40.4 • N (Fig. 10c ) and 40.6 • N (Fig. 10d) . At this location there is a clear reversal of wind with offshore synoptic flows (5-6 m s −1 ) from the Iberian plateau meeting sea-breeze flows (4-5 m s −1 ) from the Mediterranean Sea. The position of the sea-breeze front is not clearly evident at 40.8 • N (Fig. 10e) and 41.0 • N (Fig. 10f) where the altitudes of the Iberian System mountains are lower (around 1250 m a.s.l.) and sea breezes penetrated further inland. The advance of the sea-breeze front can be also estimated at some locations; for instance, the sea breeze at 40.6 • N penetrated inland from 0.4 • W at 1200-1400 UTC to 0.8 • W at 1600-1800 UTC, approximately 55 km.
Comparison of the u-component with the corresponding zonal cross-sections of precipitation, convective inhibition, convective available potential energy and vertical velocity at 1600 UTC (i.e., the mature stage of the sea-breeze-initiated thunderstorm, Fig. 11) confirms that low-level convergence at the sea-breeze front exerts a key role in reducing convective inhibition and increasing convective available potential energy as moist air parcels are forced to rise. Note that the arrows indicating the position of the sea-breeze front coincide with abrupt changes in the convective inhibition values which are reduced to minimal negative energy (around zero) and in the convective available potential energy which increase to moderate to strong positive values (reaching 4,330 J kg −1 ). This convective available potential energy value is too large compared to values found for mid-latitude environments of severe thun- derstorms (Weisman and Klemp 1982) . Even though large amounts of convective available potential energy are available, the convective inhibition is the quantity most critical to convective initiation since it represents the energy barrier that has to be overcome for developing sea-breeze-initiated thunderstorms. Furthermore, convective storms are much more intense when the convective inhibition layer is eroded by a sea-breeze frontal zone than in cases when no convective inhibition energy is present. This maximum of convective available potential energy is collocated over the easternmost slope of the Iberian System mountains, exhibiting the important role played by the orographic lifting in the development of isolated convection. The HIR-D2.5 precipitation is clearly associated with the sea-breeze-initiated convection.
To examine the vertical structure of the updrafts, Fig. 12 displays 2-hourly vertical crosssections of the vertical velocity at 40.8 • N. At 1200 UTC (Fig. 12a ) the initial structure of the sea-breeze front is characterized by downdrafts that extended over most of the troposphere, with light updrafts of up to −10 Pa s −1 below the 800 hPa layer around 1.5 • W (−9.8 Pa s −1 ), 0.3 • E (−6.8 Pa s −1 ) and 0.6 • E (−8.5 Pa s −1 ). This is due to the establishment of the frontal (Fig. 10e) . At 1400 UTC (Fig. 12b ) upward motions became much stronger and updrafts exceeding −10 Pa s −1 appeared in different frontal zones, despite downdrafts aloft. At 1600 UTC (Fig. 12c ) the sea-breeze convergence zone was sufficiently strong to overcome the convective inhibition and the updraft strengthened rapidly up to 300 hPa near 1.0 • W (−26.9 Pa s −1 ) and 0.1 • E (−29.6 Pa s −1 ), where the maximum convective available potential energy energy was also observed (see Fig. 12e ). The increased upward vertical motion was accompanied by subsidence on its flanks. Finally, the decaying stage of the frontal lifting forced mainly by the convergence of sea breezes occurred at 1800 UTC (Fig. 12d ) when downdrafts dominated most of the vertical motion in the cross-section, leaving an isolated updraft at the leading edge of the sea-breeze front at 1.0 • W. The upward vertical motion at the leading edge of sea breezes was also reinforced by mechanical orographic lift and valley-slope winds, which provided enriched convective available potential energy and promoted vigorous convection along the sea-breeze convergence zone. As noted in the introduction, this scenario can lead to quite intense thunderstorms over coastal areas of complex terrain such as the Iberian Mediterranean area.
Summary and Concluding Remarks
In this study we presented observations and high-resolution numerical simulations of the sea-breeze-initiated thunderstorm that occurred over the Iberian System mountains (Spain) on 7 August 2008, which was not forecast by the operational HIRLAM model. The broad objective was to improve our understanding of boundary-layer convection associated with strong low-level convergence related to sea breezes in the apparent absence of synopticscale forcing in a mid-latitude region of complex terrain, i.e., the eastern region of the Iberian Peninsula. We particularly focussed on the impact of low-level convergence boundaries on the spatial and temporal evolution of convective inhibition, convective available potential energy, vertical velocity and precipitation fields. The severe weather sometimes associated with sea breezes in the eastern region of the Iberian Peninsula has not been investigated in adequate detail, even though most summer thunderstorms are caused primarily by sea-breeze-induced convergence and are occasionally missed by the operational HIRLAM weather forecasts. Since model resolution affects the placement and strength of sea-breeze fronts (through its ability to resolve the temperature and pressure gradients) the three-dimensional hydrostatic version 7.2.2 of the HIRLAM model at a horizontal resolution of 2.5 km was used. In comparison with the operational forecast with the coarser horizontal resolution of 5 km, our HIRLAM experiment was capable of providing a good forecast that captured the lowlevel convergence lines and the subsequent sea-breeze-initiated thunderstorm. The analysis of flow, along with convective inhibition, convective available potential energy, vertical velocity and precipitation fields revealed a strong influence of sea-breeze circulations. Solenoidal circulations such as the sea breeze provide mechanical forcing of upward motion to overcome the convective inhibition layers, and supply moisture and consequently sufficient convective available potential energy and additional vertical motion to trigger deep moist convection. Future work should focus on the role of orographic lifting associated with the combined sea breeze and upslope flows (Porson et al. 2007 ) in the development of deep moist convection in coastal areas of complex topography such as the Iberian Mediterranean region. High resolution numerical experiments such as those described herein can explore the development of upslope winds, which in turn exert a key influence on simulating the development of clouds and precipitation over the mountains close to the coast.
Future improvements related to the increase of horizontal-grid spacing and boundarylayer vertical levels should provide improved forecast performance in operational very shortrange forecasting to predict thunderstorms related to sea-breeze activity. This information would be useful to local forecasters in the western Mediterranean basin. However, our study revealed that the HIRLAM model simulated excessive amounts of rainfall and produced it over too large an area, and therefore is not really suitable for the calculation of quantitative precipitation.
